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 Abstract 
 
Today’s high power pulsed laser applications need optics with coated surfaces to improve 
the optical characteristics. A major problem of those layers is the lower laser induced 
damage threshold (LIDT) compared to the pure substrate. For better understanding of 
damaging process it is quite necessary to investigate how damages occur.  
One of these applications are laser systems used in satellites for wind profiling (ADM 
Aeolus). For best experimental results the testing parameters should be adapted to 
satellite conditions as good as possible. Therefore all tests are realized in a vacuum 
chamber under a pressure of 10-9 mbar. Furthermore the expected damage size which 
wants to be observed is in the range of few microns. This is why a long distance 
microscope is used in this work to investigate the damage formation online. 
To show the functionality of system high reflective (coated with ion beam sputtering and 
electron beam evaporation) and antireflective (coated with ion beam sputtering) coatings 
are investigated with a repetition rate of 1Hz to acquire images after each pulse. In a next 
step so called micro pits are investigated in their characteristics and formation. Moreover 
the dependency of laser repetition rate on LIDT is investigated for rates of 20Hz and 
100Hz.  
A conclusion and an outlook at which possible improvements and new possibilities are 
discussed complete this work.    
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F Force 
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L Length 
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1 Introduction  
 
In the era of photon the light became the most important tool of our daily routine for our 
own use or for manufacturing high precise electronics as well as in medical applications. It 
is difficult to find a section in our life where we do not use light somehow. 
A lot of applications use pulsed high power lasers and each of these systems need optics 
to guide or to shape the beam as required. Nearly all optics are coated for improving the 
optical characteristics. However some disadvantages have to be accepted by improving 
optics with coatings. One of these drawbacks is the drop of laser induced damage 
threshold (LIDT). This means that less energy is needed to create damage at coated 
surfaces compared to pure substrates. [1] 
Finally the laser induced damage threshold limits the maximum energy level of a laser 
system. Therefore it is quite desirable to improve the optical coatings and furthermore it is 
extremely important to understand the complete process of damage formation to get 
knowledge at which parameters damages start and how they grow until a certain number 
of pulses is reached.  
One of the applications, where such a combination of pulsed high power laser and coated 
optics can be found, is a laser-based satellite, for instance the Aeolus satellite which 
should be launched in 2016. This ESA (European Space Agency) mission got its name 
from the Greek Lord of wind Aeolus because main task of this satellite is the profiling of 
winds from low earth orbit (~408 km height). Therefore a pulsed laser system with a 
wavelength of 355 nm is used which is called ALADIN (Atmospheric Laser Doppler 
Instrument). For guiding and shaping the laser beam, the system contains coated optics 
which are tested in the Institute of Technical Physics at German Aerospace Center. [2] [3] 
[4]  
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Figure 1: The Aeolus satellite with ALADIN laser instrument to profile the world's 
winds. Also a sketch of Greek Lord of winds Aeolus is seen on the left side of image.1 
 
1.1 State of technology 
 
The characteristical thresholds for optics and coatings are well known and investigated by 
many scientists and experiments. Also for investigating characteristical features of 
damages, many tests are done so far.  
Current situation is that damage thresholds in optical coatings are mainly measured by 
scattered light. Therefore a sensor detects the change of scattered light and just over a 
trend damages can be detected. The main problem is that damages smaller than 10 µm 
are leading to diffraction effects. This means that the solid angle of scattered light is very 
large and therefore less signal hits the detector. Finally the detector realizes a damage not 
before it reaches a certain size. 
Another point is that the measurement of scattered light do not allows a statement about 
the dynamic of damage formation.  
   
 
 
                                                
1 http://cdn.physorg.com/newman/gfx/news/hires/2013/1-90millionlas.jpg 
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1.2 Goal of the thesis 
 
The goal of this thesis can be separated in two parts. On the one hand it is quite important 
to understand the process of damage formation much better. On the other hand it is just 
as important to evaluate a new approach for online detection of damages at an early state 
of damaging process. Therefore the method needs to have a higher spatial and temporal 
resolution such as the actual method.     
The first part of this work is therefore the set-up of a test bench which achieves these 
requirements. The test bench with all its components is discussed in chapter 3. In a next 
step the insitu monitoring of dynamic of damage formation should be realized. Therefore 
several coatings are investigated and the results are discussed in chapter 4. Chapter 5 
deals with the optimization of the setup.  
Main tool for online detection is a so called long distance microscope which is basically a 
Maksutov-Cassegrain telescope. Main advantage is a very large working distance 
compared to classical microscopy. Nevertheless with this type of microscopy a good 
resolution can be reached in spite of the large distance between objective and object.     
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2 Basics 
 
2.1 Laser induced damage threshold (LIDT) 
 
At each optical component damage can be created by a high power laser when the target 
is irradiated over a specific limit. This limit is called laser induced damage threshold and is 
abbreviated with LIDT [1]. In case of pulsed laser the unit for LIDT is J/cm² (see next 
chapter). In the frame of this work fluence means always the peak fluence for pulsed 
lasers.   
The damage can occur at the surface or in the bulk. The International Standard 
ISO 21254 defines surface damages as the change of characteristics of the surface of a 
specimen. When bulk damage occurs the optical characteristics inside the optical 
component are changed. Therefore different inspection techniques for surface damages 
and bulk damages are required [5].  
In case of this thesis damages are expected on the surface of target and the LIDT value 
depends on the wavelength of laser beam, pulse duration, pulse rate, spot size and angle 
of incidence. For comparison of results these parameters have to be defined for each 
experiment [1].  
The reasons for damages in optical components are widely spread. The most important 
cases are thermal effects due to absorption and dielectric breakdown. Essentially it 
depends on pulse duration which effect happens. At long pulses in a region from 
continuous wave to ~10-8s thermal absorption induces damages. Shorter pulses from    
10-8 s – 10-10s create dielectric breakdowns because the photons have such a high energy 
density to split the chemical bonding of target material directly. When the pulse duration is 
even shorter avalanche ionization and multiphoton absorption can occur. In the frame of 
this thesis, a laser with pulse duration of 3.5 ns was used and therefore it is not essential 
to consider effects on shorter pulse durations. Other effects which can generate damages 
are defects in the material itself. Impurities, scratches or other defects in optical materials 
or coatings could increase the absorption which reduces the LIDT. Other effects are self-
focusing and nonlinear effects. For further information about these effects see [6].     
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2.2 Fluence 
 
The LIDT value is issued with fluence (H) for pulsed lasers because this is the best way to 
standardize the threshold values for better comparison. But it is necessary to note the 
experimental conditions for each LIDT result.  
The peak fluence is the equivalent to irradiation of radiometric dimensions and is given 
with the peak energy (Ep) of laser pulse which drops on an effective focal spot area [7].  
In case of Gaussian beam profile the fluence is defined by the ratio of twice the pulse 
energy and the area which depends on beam diameter [8].  
 
Equation 1: Peak fluence for Gaussian beam 
𝐻𝐻 =  2 ∗  𝐸𝐸𝑝𝑝
𝜋𝜋 ∗ 𝜔𝜔2
 
 
For a non-perfect Gaussian profile the beam radius is split into x and y-value due to the 
elliptical profile (see Equation 2) [8].  
 
Equation 2: Peak fluence for Gaussian beam with elliptical profile 
𝐻𝐻 =  2 ∗ 𝐸𝐸𝑝𝑝
𝜋𝜋 ∗ 𝑥𝑥 ∗ 𝑦𝑦
 
 
In a last step we have to consider that the sample is irradiated under an angle of 45°. 
Hence the length of beam profile increases only in x-direction by a factor of cos (45°) (see 
Equation 3) [9].      
 
Equation 3: Peak fluence for Gaussian beam with elliptical profile under an incidence 
angle of 45° 
𝐻𝐻 =  2 ∗ 𝐸𝐸𝑝𝑝
𝜋𝜋 ∗
𝑥𝑥cos(45°) ∗ 𝑦𝑦 
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2.3 Vacuum physics 
 
Since Demokrit, a Greek philosopher (460 to 375 B.C.) who was the first who talked about 
vacuum, a lot of scientists did many different experiments to understand the nature of 
vacuum. In last three centuries engineers used this knowledge to design pumps to 
generate vacuum and to measure it [10]. This section gives an introduction about the 
essential knowledge of vacuum physics. 
In a first step it is crucial to define pressure and vacuum. Pressure (p) is defined as the 
force (F) which acts on a defined area (A) (see Equation 4) [10].  
 
Equation 4: Relationship between pressure (p), force (F) and area (A) 
𝑝𝑝 = 𝐹𝐹
𝐴𝐴
 
Corresponding to the SI system Pascal (Pa) and bar are used as units for pressure. The 
relationship between these two units is given as [10] 
 1 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 100 𝑃𝑃𝑚𝑚 = 1ℎ𝑃𝑃𝑚𝑚 
 
In case of vacuum chambers the force is caused by gas which fills a certain volume 
homogenously. Therefore pressure is decreasing by increasing the volume or by 
decreasing the amount of gas. Per ISO 3529/1 [11] vacuum is defined as the condition of 
a gas, when the pressure or the number density of molecules is lower than at atmospheric 
pressure. For generating vacuum in a chamber the number density of molecules can be 
reduced until a minimum which is defined by the system parameters. This process is 
called evacuation [12].     
Moreover there exists some important definitions of different pressures. The standard 
atmospheric pressure is defined in ISO 3529/1 [11] as the surrounding air pressure at sea 
level and has a value of 1013.25 mbar. The lowest pressure which can be reached in a 
certain vacuum chamber is called final pressure but it is an ideal value which only can be 
reached under perfect conditions. The final pressure should not be mixed with the working 
pressure which can be reached under real conditions [13].  
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Table 1 gives an overview about the vacuum ranges. Displayed are pressure, number 
density of molecules, mean free path and typical vacuum application. The pressure 
depends on temperature and number density of molecules. By decreasing pressure the 
possibility that molecules strike each other is also decreased. The mean free path is a 
value for the distance of a molecule between two collisions [12] [13].     
A more detailed overview is given in the appendix (see Figure 66). This image also shows 
the vacuum ranges of earth atmosphere. 
 
Table 1: Overview of vacuum [12] [14] 
Pressure range 
Pressure in 
hPa (mbar) 
Molecules 
in 1/cm³ 
Mean free path 
Typical vacuum 
applications 
Standard 
atmospheric 
pressure 
1013.25 2.7 × 1019 68 nm  
Low vacuum 300…1 1019…1016 0.1…100 µm Vacuum packaging, bulb 
Medium vacuum 1…10-3 1016…1013 0.1…100 mm Gas discharge lamp 
High vacuum 
(HV) 
10-3…10-7 1013…109 100 mm …1 km 
Electronic tubes, Cern ion 
trap 
Ultra high 
vacuum (UHV) 
10-7…10-12 109…104 1…105 km 
Low earth space, 
semiconductor manufacturing 
Extreme high 
vacuum (XHV) 
< 10-12 < 104 >105 km Space 
Ideal vacuum (IV) 0 0 ∞ 
Cannot be achieved and 
measured technically 
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2.4 Basics of evaluation methods 
 
2.4.1 Maksutov-Cassegrain telescope 
A Maksutov-Cassegrain telescope is basically a Cassegrain setup (1672) which is 
optimized by Maksutov in 1942.  
The Cassegrain telescope has a parabolic mirror (concave) with a short focal length. A 
hole is drilled through the center of this primary mirror. Furthermore a hyperbolic mirror is 
located vis-à-vis to the primary mirror and focuses the image through the hole of primary 
mirror into the focal plane. In spite of the short tube length with this special setup a high 
focal length can be reached. [15] 
Due to the fact that the second mirror extends the focal length of primary mirror, the 
second mirror requires a relatively large diameter in a range of 35-40 % to primary mirror. 
The central rays of optical system are shadowed and are not imaged. 
But at the edges of the secondary mirror the waves are diffracted and therefore the 
contrast is reduced. Another disadvantage is aberration of primary mirror like spherical 
aberration, coma and astigmatism from off-axis rays. [16]  
 
 
Figure 2: Setup of a Maksutov-Cassegrain telescope with spherical corrector lens, 
secondary mirror and primary mirror (from left to right). 2 
 
                                                
2 http://www.vikdhillon.staff.shef.ac.uk/teaching/phy217/telescopes/maksutov.gif 
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At this point Maksutov started his development and put a meniscus lens (concave-convex) 
in front of primary mirror. At the lens’s backside the secondary mirror is located which is 
much smaller compared to the secondary mirror of Cassegrain telescope. Therefore the 
contrast of the upgraded system is much better. The main advantage of this setup is the 
independency of curvature from primary mirror to the shape of meniscus lens. This means 
that meniscus lens corrects the spherical aberration and coma. [17] 
 
2.4.2 Differential interference contrast microscopy 
The differential interference contrast (DIC) microscopy was developed by Nomarski and it 
is based on polarization microscopy. With this technology the optical path length for 
different densities in the material is set into a contrast image. [18] 
In a first step it is important to create linear polarized light with a polarizer (Pol). In a next 
step a birefringent prism (W1), so called Wollaston prism, splits the linear polarized beam 
into two beams with same amplitude which are perpendicular polarized to each other. 
These two beams are parallel but have a mismatch in between. This mismatch has to be 
less than the resolution limit of microscope’s objective. With a condensing lens (Cond) 
these two beams are focused in the sample plane (Spec). Due to thickness and density of 
material the beams are changed in their phase and we get a phase shift between these 
two beams. After microscope’s objective (Obj) a second Wollaston prism (W2) brings the 
two beams together and an analyzer (Ana) makes the beams interfering. [19]   
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Figure 3: Schematic setup of differential interference contrast microscopy.3 
 
At edges of damages or scratches inside the sample there is a phase shift between both 
beams. Therefore also the amplitude is getting changed and the edges get a very high 
contrast which generates a 3-dimensional effect. [19]   
 
2.4.3 White light interferometry   
For this type of interferometer the basic Michelson setup is used (see Figure 4). This 
means the illumination beam is split into a reference arm and a measurement arm by a 
beam splitter. The beam in reference arm is reflected by a plane mirror and beam in 
measurement arm is illuminating the sample. Both beams are recombined by the beam 
splitter and interfere at CCD detector. The interferometer scans the sample in z-direction 
and generates a 3-dimensional profile of the sample. With this technology many different 
kinds of surfaces can be profiled with an accuracy of few nanometers. [20]  
                                                
3 http://microscopy.berkeley.edu/Resources/instruction/images/DIC4.jpg 
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Figure 4: Schematic of white light interferometer based on Michelson interferometer 
setup. 4 
 
When optical path difference (OPD between reference arm and measuring arm) in an 
interferometer is smaller than the coherence length, interferences occur. For a high 
dynamic range, the use of a light source with short coherence length is necessary. This is 
why white light instead of a monochromatic laser light is used in this kind of interferometer 
(see Figure 5). [21] 
    
         
Figure 5: Interferogram of monochromatic source with long coherence length (left) and 
interferogram of white light source with short coherence length (right). 5 6 
 
In addition for higher resolution the phase shift can be evaluated. This technique is called 
PSI (phase shifting interferometry). In contrast to the upper technique monochromatic light 
is used and information about the surface height is obtained from the phase shift. The 
                                                
4 http://jpathinformatics.org/articles/2012/3/1/images/JPatholInform_2012_3_1_22_96751_u4.jpg 
5 http://www.optique-ingenieur.org/en/courses/OPI_ang_M02_C04/res/fig_12_C.jpg 
6 http://www.optique-ingenieur.org/en/courses/OPI_ang_M02_C04/res/fig_09_C.jpg 
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main advantage of this type of interferometry is the higher accuracy of few 
sub-nanometers. [22]    
 
2.4.4 Atomic force microscopy (AFM) 
The atomic force microscope is compared to the other discussed methods a mechanic 
technique. With such a microscope, topographies of surfaces in nanometer range can be 
generated by measuring the force between a probe and the surface. A microscopic tip is 
fixed at the end of a cantilever which scans the surface line by line. The forces of the 
surface structure are deflecting the tip and also the cantilever. On the back of the 
cantilever a laser beam is focused which is reflected to a sensor. By this method the 
deflection of cantilever can be measured and transformed into a 3-dimensional profile of 
investigated surface.  The resolution is determined by the tip and is in the range of 0.4 nm 
in z-direction and 1.7 nm in x-y-direction (values for used AFM). Due to this high 
resolution a very low scanning speed is achieved which makes the whole system quite 
slowly. [23] [24]         
 
Figure 6: Principle of atomic force microscopy with PZT scanner, cantilever with tip, 
laser, photodiode and sample.7 
 
                                                
7 
https://upload.wikimedia.org/wikipedia/commons/thumb/7/7c/Atomic_force_microscope_block_diag
ram.svg/2000px-Atomic_force_microscope_block_diagram.svg.png 
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There are several scanning modes which are used in the AFM technique. In the contact 
mode the tip is always in direct mechanical contact with the sample. The disadvantage of 
this method can be the deformation or destruction of surface or tip. Also the resolution is 
limited to dimensions of tip. The method which compensates those disadvantages is 
called non-contact mode. The cantilever is stimulated to oscillate with its resonant 
frequency near sample surface. When a force between tip and surface appears, due to 
change of surface structure, a phase shift can be measured.  
Other disadvantages of AFM are vibrations beyond the system, thermal drifts as well as 
electrostatic charging. But nevertheless the extreme high resolution makes this kind of 
microscopy very useful for surface investigation. [23] [24]     
 
2.5 Optical coating 
 
Optical materials, i.e. fused silica, are finally developed to a maximum of quality. As 
Figure 7 shows the transmission of fused silica in the UV and IR range is quite good but 
cannot reach 100% due to physical limits. These limits depend on the transition of 
refractive index at the interface between air and substrate. This is why nearly each high 
performance optic is coated with a thin film for its specific application. There are high-
reflective coatings for mirrors from UV to IR range available. Another coating type is the 
anti-reflective one which can be found on glasses or high power optics where the 
reflectivity of a surface should be reduced to a minimum. For the UV range is fused silica 
a good choice due to already high transmittance in this spectral range. HR and AR 
coatings are introduced in this chapter as well as the manufacturing technologies Ion 
Beam Sputtering and Electron Beam Evaporation.   
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Figure 7: Transmission curve of fused silica as a function of wavelength.8 
 
2.5.1 Theory of thin film coatings 
This chapter introduces the principle physics of thin film coatings for high reflective and 
antireflective coatings. Optical interference forms the basis of those optical components. 
At first a substrate with a single layer is considered. The thickness of those layers, 
regardless of which type of coating, is given with the phase shift which is a function of the 
wavelength (λ) and the optical thickness (n1 x d) (see Equation 5). [25]  
 
Equation 5: Phase shift after passing the thin film 
𝛿𝛿 = 2𝜋𝜋
𝜆𝜆
𝑛𝑛1𝑑𝑑 
 
For an optical thickness of λ/4 the phase shift is π or an odd multiple of π due to the fact 
that the light is traveling twice the optical thickness. For this special case the phase shift of 
π causes destructive interference. This effects a maximum change in gain or extinction of 
reflection. [26] 
The reflectivity at a single surface is given with the Fresnel reflectance law and is a 
function of the refractive index of both adjacent materials. In Equation 6 it is given for an 
angle of incidence of 0°.   
                                                
8 http://www.lesker.com/newweb/flanges/jpg/chart/Chart-HD-FusedSilicaDUVGrade_01.jpg 
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Equation 6: Fresnel reflectance law for an angle of incidence of 0°. 
𝑅𝑅 = (𝑛𝑛0 − 𝑛𝑛1
𝑛𝑛0 + 𝑛𝑛1)2 
 
The allocation of refractive indices can be taken out of Figure 8 which shows the principle 
reflectance of light at surfaces of thin films. 
 
 
Figure 8: Principle reflectance of light at surface of thin film.9 
 
By consideration of a single layer system with two surfaces the Equation 7 is given. If 
n1>n2 the reflectivity is increased and a high reflective layer is created. In case of n1<n2 the 
reflectivity is decreasing and antireflective coating is produced. In the special case of 
𝑛𝑛1 = �𝑛𝑛0 ∗ 𝑛𝑛2  the reflectivity is reduced down to zero but only for a certain wavelength. 
For nearby wavelengths the reflectivity is increasing again. [27] 
   
Equation 7: Fresnel formula for reflectivity of single layer system with an optical 
thickness of λ/4 for an angle of incidence of 0°. 
𝑅𝑅𝜆𝜆/4 = (𝑛𝑛0 ∗ 𝑛𝑛2 − 𝑛𝑛12𝑛𝑛0 ∗ 𝑛𝑛2 + 𝑛𝑛12)2 
 
                                                
9   
http://4.bp.blogspot.com/_CIK7hYCrWhk/TD4LQZaT2QI/AAAAAAAAAtg/DRH7cIHaZ_g/s640/1.JP
G  
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To improve the characteristic of coatings more than one layer is deposited on the 
substrate. Those coatings are called multilayer coatings and are available for HR coatings 
as well as AR coatings. The most applications of such coatings are the minimization or 
maximization of reflection for more than a single wavelength. The final reflectivity is a 
function of the individual reflectivity and the phase shift. An example for two layers is given 
with Equation 8. [27] 
 
Equation 8: Fresnel formula for a multilayer coating with two layers. 
𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝑚𝑚12 + 𝑚𝑚22 + 2𝑚𝑚1𝑚𝑚2 cos 2𝛿𝛿1 + 𝑚𝑚12𝑚𝑚22 + 2𝑚𝑚1𝑚𝑚2 cos 2𝛿𝛿 
 
This formula can be expanded for large number of layers but also complexity is increasing 
enormously.  
 
2.5.2 Fabrication of optical coatings 
In this work for investigation of damage formation high reflective and antireflective 
coatings were used. The HR samples are coated with ion beam sputtering (IBS) or with 
electron beam evaporation (EBE). The AR coatings are coated with IBS technology.  
 
2.5.2.1 Ion beam sputtering 
Ion beam sputtering is the most common technology to coat optics for high power 
application. A high energy ion gun emits ions by approximately 1.5 kV onto a target 
material. The ions sputter single atoms out of the target material which consists of desired 
coating compound. Those ablated atoms are travelling to a rotating substrate and 
condense on it. [28] The whole process is realized under high vacuum which reduces the 
collision from ablated atoms with oxygen or other molecules in the chamber. [29] Kinetic 
energy of up to 10 eV of those atoms and the low collision rate produces coatings with an 
excellent microstructure and high packing density. This can be explained by the fact that 
the atoms with such a high energy are not bound on a specific location at the depositing 
layer. The high flexibility let them take the best possible position in the layer. This is why 
ion beam sputtering creates homogenous and dense coatings. [30]  
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The only disadvantage of this technology is the low deposition rate compared to electron 
beam evaporation. [31]    
 
 
Figure 9: Principle of ion beam sputtering in a vacuum chamber with argon ion gun 
shooting ions on target material. Ablated atoms from target condense on substrate.10 
 
2.5.2.2 Electron beam evaporation 
At Electron Beam Evaporation electrons instead of ions compared to IBS are emitted and 
bombard the target material. The target material is heated until the atoms are vaporized. 
Just as well at IBS the atoms travel through a vacuum and condense on the substrate. 
[29] But those atoms have a much lower kinetic energy of 0.1 eV to 0.2 eV which creates 
a porous layer with a low packing density. [32] Advantage of EBE is the high evaporation 
rate and therefore the fast process velocity. [28] 
                                                
10 http://openi.nlm.nih.gov/imgs/512/0/3212010/3212010_1556-276X-6-495-1.png 
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Figure 10: Principle of electron beam evaporation in a vacuum chamber with 
thermionic filament which emits its electrons on target material. Ablated atoms from 
target condense on substrate.11  
                                                
11 http://www.intechopen.com/source/html/39997/media/image5_w.jpg 
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3  Test bench 
 
In the frame of this work a test bench for LIDT experiments has to set up. In general the 
components are split in the sections light source, vacuum chamber, optical setup and 
detection. The following chapter gives an overview about the used devices. 
 
3.1 General setup 
 
This section deals with the general setup with all its components which is shown in 
Figure 11.   
  
 
Figure 11: Experimental setup with the components laser, tripler, optical beam line 
with attenuator and focusing lens, LDM with flash light, vacuum chamber, vacuum 
pump and measurement devices. 
 
Vacuum chamber 
Vacuum pump 
LDM 
CCD camera 
Attenuator 
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The IR beam (1064 nm) which is created in the Nd:YAG laser is guided through a tripler 
which made 355 nm out of IR beam. This beam is guided through an attenuator which is 
setting the final fluence. An additional lens is focusing the UV laser beam in sample plane 
and creates damages at sample specific fluences. The sample is located in a vacuum 
chamber which is evacuated by a pumping system. The main online investigation (insitu) 
is realized by a long distance microscope. Finally there are additional measurement 
devices which measure the pressure in the vacuum chamber or characterize the fluence 
which hits the sample.   
 
Figure 12: Sketch of general setup 
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3.2 Light source 
 
3.2.1 Laser 
As light source the InfinityTM from Coherent is used. The gain medium of the solid state 
laser consists of neodymium doped yttrium-aluminum-garnet crystal followed by an 
amplifier stage. As pump source a flash lamp is used and the pulses are achieved by 
Q-switch technology. The output energy can be varied by changing the voltage of flash 
lamp [33]. The characteristics pulse duration, divergence, pulse to pulse stability, 
depolarization and noise of Infinity laser were determined prior to the damage tests and 
are listed in Table 2.  
 
Table 2: Laser specifications of Infinity laser from Coherent. 
Parameter Value 
Wavelength [nm] 1064 
Pulse energy [mJ] @ 1064 nm, 100 Hz 
Pulse energy [mJ] @ 1064 nm,  20 Hz 
Pulse energy [mJ] @ 1064 nm, 1 Hz 
1…400 
1…500 
1…600 
Pulse duration (FWHM) [ns] @ 1064 nm, 100 Hz, 30 mJ 3.4  ± 0.2 
Divergence [mrad] 0.9 
Pulse-to-Pulse variation [%] (over 20 pulses) 
< 43.6 @40 mJ 
< 21.56 @70 mJ 
< 9.48 @180mJ 
Repetition rate [Hz] 0.1 … 100 
Depolarization [mJ] 
0.34 @30 mJ 
0.56 @70 mJ 
0.74 @100 mJ 
1.80 @200 mJ 
Noise [%] 
15.2 @30 mJ 
7.5   @70 mJ 
5.2 @100 mJ 
2.9 @200 mJ 
 
The parameters pulse energy and repetition rate are adjustable and can be changed by 
laser software. During first experiments pulse energy of 70 mJ is adjusted. In last 
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experiments the flash lamp voltage is set to 500 V which corresponds to output energy of 
nearly 220 mJ. This has the advantage that the laser runs with a higher pulse to pulse 
stability. To avoid thermal effects, the laser needs a warm up time of several minutes to 
get stable. 
 
3.2.2 Generation of UV light 
The generation of UV light out of IR radiation from the Nd:YAG laser is realized by 
frequency tripling using BAP Tripler from Continuum. Figure 13 shows the schematic of 
the optical layout for BAP tripler. By a wave plate the polarization of incoming IR beam 
(1064 nm) can be adjusted. A HR mirror (highly reflective at 1064 nm) guides the beam 
through a KD*P (Potassium Dideuterium Phosphate) crystal. In this nonlinear crystal 
532 nm is generated by frequency doubling. But this conversion is not complete and 
therefore IR light is remaining. In a second KD*P crystal the 532 nm and 1064 nm light is 
converted to 355 nm by sum-frequency generation. Behind the crystals are two dichroic 
mirrors which separate the UV light from non-converted 532 nm and 1064 nm light (HR 
355 nm, HT 1064 nm, HT 532 nm). 
 
Figure 13: Schematic of optical layout for BAP Tripler [34] 
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3.2.3 Characterization of laser parameters 
Several testing parameters are sufficient to characterize the LIDT of optical coatings. The 
most important parameters are wavelength, pulse duration, repetition rate, spot size and 
angle of incidence (see chapter 2.1). The wavelength is fixed to 355 nm. Also the angle of 
incidence is fixed to 45° during the complete test duration. The only manually changed 
parameter is the laser repetition rate. For first tests it is set to 1 Hz but for further 
investigation also 20 Hz and 100 Hz are used.  Some first tests show a dependency of 
fluence on repetition rate.  
The influence of pulse duration on the LIDT value is given by the following Equation 9. [1] 
 
Equation 9: Laser induced damage threshold as a function of pulse duration. 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿2 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿1 ∗ �𝜏𝜏2𝜏𝜏1�𝑥𝑥         ; 𝑓𝑓𝑓𝑓𝑚𝑚 𝑥𝑥 = 0.3 … 0.8 
 
The formula shows that a change in pulse duration effects a change in LIDT. On the other 
hand the effective area influences the LIDT directly. Therefore the parameters pulse 
duration and spot size have to be precisely characterized. 
The effect of decreasing pulse energy is a well-known consequence of increasing 
repetition rate which is confirmed by the lasers manual [33]. The pulse duration is 
measured with the help of photodiode and oscilloscope. 
 
 
Figure 14: Measured pulse duration for 100Hz and 1Hz repetition rate at 30 mJ laser 
output energy, directly after laser output (left hand side) and directly after tripler (right 
hand side). 
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Figure 14 shows the dependency of pulse duration on repetition rate. For comparison the 
full width half maximum (FWHM) values are used. It can be seen that pulse duration 
decreases by decreasing repetition rate. But this is only true for the IR beam directly 
measured after laser output. When UV beams from the Tripler output are investigated, the 
pulse duration for both frequencies are narrowed to same duration. 
The next parameter which is checked is the spatial profile of laser beam. The 
measurement is realized after tripler output briefly before the beam enters the vacuum 
chamber. The results are displayed in Figure 15 for 100Hz repetition rate (left) and 20Hz 
repetition rate (right).  
 
  
Figure 15: Spatial profile of laser beam after UV conversion; for 100Hz repetition rate 
(left hand side) and 20Hz repetition rate (right hand side). 
 
The beam analyzer program calculates a Gaussian fit function directly and gives as result 
the values for diameter in x and y-direction.  
 
Table 3: Measured values for spatial profile of laser beam running at 100Hz and 20Hz 
repetition rate. Calculated values for area and fluence out of measured values are 
displayed as well as calculated fluence for energy of 550 µJ. 
Repetition rate 
[Hz] 
Diameter in x-
direction [µm] 
Diameter in y-
direction [µm] 
Area 
[cm²] 
Fluence 
[J/cm²] 
20 185.9 179.7 5.0*10-4 2.2 
100 169.1 150.8 3.8*10-4 2.9 
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In Table 3 the measured values for spatial profile of laser beam for 100Hz and 20Hz 
repetition rate are displayed. Also the corresponding values for the effective area and the 
fluence at 550 µJ energy are shown. It can be seen that the spatial profile at 20Hz is much 
larger than the profile at 100Hz. To get comparable fluence values the pulse energy has 
to be adjusted accordingly. 
 
3.3 Vacuum system 
 
This chapter answers the question why a vacuum environment for testing optical coatings 
for space application is necessary and presents the used chamber with its components.  
The reason for the use of vacuum chamber is the adaption of testing parameters on 
further application conditions. Due to the space based application a vacuum chamber is 
needed, which generates ultra-high vacuum (UHV) in a range of 10-9 mbar which 
corresponds to a vacuum in 500 km height in earth orbit.  
In [35] the air-vacuum effect for dielectric coatings is discussed. The experiments of this 
paper show a dependency of LIDT on surrounding environment. According to this paper, 
the LIDT value for EBE coatings is lower for tests in vacuum compared to measurements 
at ambient atmosphere. For ion beam sputtered coatings such an effect was not 
observed. This can be explained by the porous structure of electron beam coatings. Water 
molecules are adsorbed into the free space which is dehydrated under vacuum. This in 
turn increases the tensile stress in the layer of coating and decreases the LIDT. At IBS 
coatings, the density of layer material is higher and water molecules cannot be adsorbed.   
 
3.3.1 Vacuum chamber 
The vacuum chamber is specially designed for LIDT experiments (see Figure 16). The 
main body of the chamber is a stainless steel sphere with diameter of 160 mm. The 
sphere has several standardized CF-flanges of DN63 and DN40. DN63 are the bigger 
ports. One of them is used for connecting the pumping system to the chamber. The 
entrance, exit and observation windows for long distance microscopy are also positioned 
at such flanges. The other DN63 ports are in reserve for further experiments with 
contamination materials or for advanced measurements. The DN63 flange on top of the 
chamber is used as input port for the samples. Therefore a special sample holder is 
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created which is combined with an adjusting screw. The four DN40 flanges are used for 
the vacuum measurement system, for a venting valve and for two observation windows. 
All parts are sealed by copper rings. 
 
Figure 16: Vacuum chamber 
 
3.3.2 Pumping system 
Vacuum pumps are characterized by the final pressure which can be generated by them.  
A turbo molecular pump for example can produce vacuum up to 10-10 mbar. For 
generating ultra-high vacuum in a test chamber generally a pumping system consisting of 
fore and main pumps is needed. An oil free scroll pump from Leybold is used as fore 
pump. This pump evacuates the chamber to a final pressure of 10-2 mbar [36]. Between 
fore pump and vacuum chamber a turbo molecular pump (HighPace 80) from Pfeiffer is 
placed. This pump needs a prevacuum of 22 mbar for N2 which can be easily reached by 
the fore pump. The final pressure for the turbo molecular pump is 5*10-10 mbar [37]. Figure 
17 shows a first vacuum test with the switch-on points of fore pump and TMP. After five 
hours saturation was observed at a pressure of 2.5*10-5 mbar. Due to this a leakage was 
assumed and found at the gas port. By closing this leakage a pressure of 8.2*10-9 mbar 
after 116 hours was reached. For reaching a lower pressure in a faster time interval the 
chamber could be baked out to accelerate desorption of water and organic materials from 
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the chamber walls [12]. Both pumps are placed on damping pads to save the test setup 
from vibrations.   
 
Figure 17: First pressure measurement after vacuum chamber set up. 
 
3.3.3 Vacuum measurement system 
The Compact Full Range Gauge PKR 261 from Pfeiffer Vacuum is used for online 
measurement of pressure in the vacuum chamber. This device is a combination of cold 
cathode transmitter and Pirani system with an effective range from atmospheric pressure 
(1000 mbar) to ultra-high vacuum (5*10-9 mbar).  
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3.4 Optical components 
 
3.4.1 Optical beamline 
Several mirrors are needed to guide the beam into sample plane. In a first step the laser 
beam is coupled into the tripler to create UV light. Therefore mirrors with a coating for 
1064 nm are used. After tripler the beam is guided by mirrors with a coating for 355 nm. 
All these mirrors have their highest reflectivity for an incident angle of 45°. 
For upcoming tests the beam profile and beam energy have to be characterized. 
Therefore a small part of the laser beam is coupled out by wedges. The two surfaces of 
the wedges have a tilt of 3°. The main part of laser beam is transmitted but on both 
surfaces a small part is reflected. These reflected beams are used for online 
characterization of laser beam. 
 
3.4.2 Attenuator 
The beam characteristics change by varying the output energy of laser. To avoid this, the 
laser has to run on a constant level. For adjustment of pulse energy respective fluence an 
attenuator is used. This attenuator consists of a half wave plate and a thin film polarizer, 
both AR coated for 355 nm. The polarizer is aligned under the Brewster angle in the 
optical path. This means that perpendicularly polarized light is reflected and parallel 
polarized light is transmitted. In front of polarizer the wave plate is set. By changing the 
polarization angle with the wave plate the fluence can be changed.    
 
3.4.3 Beam shaping 
The final task is to focus the laser beam onto the sample for investigation of laser induced 
damages. But the fluence at the entrance window of UHV chamber has to be small and 
therefore the illuminated area has to be larger. Otherwise damages occur at the entrance 
window, too.    
Therefore two lenses with focal lengths of 500 mm or 750 mm are tested. The lenses 
generate a small spot at the sample and a larger spot at the entrance window. Table 4 
shows the measured values in these positions.  
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Table 4: Measured values for different focusing lenses 
Focusing lens [mm] Beam diameter @ sample 
plane [mm] 
Beam diameter @ entrance 
window [mm] 
750 0.307 0.5 
500 0.173 0.64 
 
The lens with focal length of 500 mm generates a smaller spot and is therefore used in 
this work. Fluences at the sample plane and at the entrance window are calculated with 
this values and a measured energy of 500 µJ. 
 
𝑯𝑯𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒔𝒔𝒔𝒔𝒔𝒔𝒑𝒑𝒔𝒔,𝟒𝟒𝟒𝟒° =  2 ∗ 𝐸𝐸𝑝𝑝
𝜋𝜋 ∗
𝑚𝑚2cos(45°) = 2 ∗ 500 µ𝐽𝐽𝜋𝜋 ∗ (86.5 µ𝑚𝑚)2cos(45°) = 𝟐𝟐.𝟐𝟐 𝑱𝑱/𝒄𝒄𝒔𝒔² 
 
𝑯𝑯𝒔𝒔𝒑𝒑𝒆𝒆𝒆𝒆𝒔𝒔𝒑𝒑𝒄𝒄𝒔𝒔 𝒘𝒘𝒘𝒘𝒑𝒑𝒘𝒘𝒘𝒘𝒘𝒘,𝟎𝟎° =  2 ∗ 𝐸𝐸𝑝𝑝𝜋𝜋 ∗ 𝑚𝑚2 = 2 ∗ 500 µ𝐽𝐽𝜋𝜋 ∗ (320 µ𝑚𝑚)2 = 𝟎𝟎.𝟑𝟑 𝑱𝑱/𝒄𝒄𝒔𝒔² 
 
The calculation shows that the fluence at sample plane is seven times larger than the 
fluence at entrance window. This means that fluences which are set in these experiments 
do not create damages at entrance window of vacuum chamber. 
 
 
 
 
 
 
 
 
 
3 Test bench Master Thesis Manuel Mucha 
 
30 
 
3.5 Evaluation techniques 
 
3.5.1 Insitu technique 
For online visualization of damages the long distance microscope QM100 from Questar is 
used. This special type of microscope allows very large working distances from 15 cm to 
35 cm. The QM100 is a Maksutov Cassegrain Catadioptric system (see chapter 2.4.1) 
and therefore similar to a telescope but used as microscope. [38]. 
 
 
Figure 18: Long distance microscope QM100 from Questar [38]  
 
In case of the working distance, as it set for these experiments a resolution of nearly 1 µm 
should be reached (see Table 5) [38].  
 
Table 5: Specification for LDM QM100 in dependence on working distance [38] 
Working Distance [cm] Numerical aperture F-number Resolution [µm] 
33.5 0.83 6.0 10 
25.4 0.115 4.3  
15 0.142 3.5 1 
 
In a first step the resolution of images captured with LDM is checked. Therefore a plane 
plate with a micro benchmark with 10µm distances between two lines is acquired from 
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LDM in position of used working distance. Due to the fact that the lines are clearly 
separated the resolution is lower than 10 µm.  
 
 
Figure 19: LDM image (658x496 pixels) of micro benchmark with line distance of 10 µm. 
 
Figure 19 shows the image of micro benchmark. The pixel distance of marked arrow is 
405 pixels and corresponds to a distance of 400 µm. This results in a calibration value for 
one pixel to 1 µm.   
 
 
 
 
 
 
 
 
 
 
405 
pixels 
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3.5.2 Exsitu techniques 
For a first exsitu investigation a Nomarski microscope from Olympus is used (see 
Figure 20). The functionality of such a microscope is described in chapter 2.4.2. 
Objectives with four different magnifications are available (1.25x, 10x, 20x, 50x). [39]  
 
 
Figure 20: Nomarski microscope digital BX61 from Olympus for DIC microscopy and 
fluorescence microscopy [39]. 
 
In addition to get further information about depths of damages a white light interferometer 
microscope (WLIM) from Veeco (NT9080) and an atomic force microscope for sample 
investigation are used. 
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4 Experimental results 
 
4.1 Basic considerations 
 
All experiments are done with the test bench described above. The parameters for each 
test are specified in the corresponding chapter. Furthermore any test has the same 
sequence. After placing the sample in the vacuum chamber, the pumps create a vacuum 
in the range of 10-8 to 10-9 mbar. Due to this kind of tests the final pressure is not crucial 
for results. Directly after start of laser irradiation the long distance microscope takes 
images from location where laser induced damages should occur. When the test series is 
completed, the sample is removed from the chamber and investigated with Nomarski 
microscope.  The comparison between the LDM and the Nomarski microscope shows 
how good the LDM detects the shapes of damage formation.  
There are basically two types of coated samples which are investigated. The first sample 
type has a high-reflective coating for a wavelength of 355 nm and an angle of incidence of 
45°. Corresponding test samples are available with IBS or EBE coating. The second 
sample has an anti-reflective coating also for a wavelength of 355 nm, but an angle of 
incidence of 0°. However the sample is irradiated under angle of 45° due to observation 
angle of LDM which is normal to sample surface. This coating is only available with an IBS 
coating. All coatings are deposited only on front side of fused silica substrates. 
The first investigation is a single shot test similar to 1-on-1 test. Therefore damages are 
created with a single laser pulse with certain fluence. In this experiment high reflective and 
anti-reflective samples are investigated but only the samples with IBS coating.   
A following test series shows the dynamic damage formation and is similar to S-on-1 test 
whereat the parameter S stands for the total number of pulses which hit the sample at one 
position. These tests are executed with all three sample combinations to show general 
differences between the coatings. 
The anti-reflective coatings show another damage characteristic compared to the high-
reflective samples. This effect is analyzed in a next step. Therefore very small damages 
(micro pits) are created and investigated on AR samples. A white light interferometer and 
an atomic force microscope are used to get further information about the morphology of 
damages.  
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In a last experiment the influence of laser repetition rate on the LIDT is studied in case of 
anti-reflective IBS coatings.  
During the experiments some testing components are changed or optimized which is 
described in chapter 5. But parameters just changed between the test series and not 
between single tests. This means that only the results of a certain test series can be 
compared to each other.   
 
4.2 1-on-1 tests 
 
This chapter deals with single shot tests which show the range around the damage 
threshold for specific type of coating.  This test also should verify the resolution limits of 
LDM which are declared in chapter 3.5.1. Tested are IBS coatings for HR and AR 
applications.   
The measured high-reflective coating has an expected value for LIDT of 11 J/cm² for 
10k shots and 18.8 J/cm² for single shot tests which was measured by scattered light 
detection in former work. But by this method only damages with dimensions more than 
10 µm can be detected online.   
 
Figure 21: Probability curve for HR355nm IBS, sample number #18, plotted is damage 
probability over fluence in J/cm² (for 10000 total pulses), red dots are the data points, 
the crossing point of fitting curve and x-axis gives the LIDT value. [40] 
 
Figure 22 shows the results of 1-on-1 tests at high reflective samples with fluence in the 
range from 8 J/cm² to 12 J/cm². The image pairs are split in a Nomarski image (left hand 
side) and the insitu image from long distance microscope (right hand side). Each LDM 
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image is corrected by a corresponding background image for compensating artefacts from 
imaging.    
By means of LDM damages down to a size of nearly 3 µm can be detected online. This 
makes the damage detection more sensitive for smaller damages than scattered light 
detection. Another point which can be seen in this example is the statistical factor in the 
region of damage threshold. So a small damage occurs at 8 J/cm² (Figure 22a), but a 
second test at 9 J/cm² (Figure 22b) does not create damage. This can be explained by 
Figure 21. At lower fluence no damages occur whereas at higher fluence damage occurs 
each time. But in between these two regions at a specific fluence damages could occur or 
not depending mainly on material inhomogeneity. [41] 
 
  
a) 8 J/cm² b) 9 J/cm² 
  
c) 11 J/cm² d) 12 J/cm² 
 
 
e) 12 J/cm²  
Figure 22: Nomarski and LDM images of HR IBS samples for single shot tests. 
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For higher fluences more than one micro pit is created within the beam diameter. The 
distribution of micro pits can be seen very well.     
It has to be mentioned that LDM images are rescaled by software. This means that the 
dynamic range of each image is optimized to get best possible contrast.  
For anti-reflective coatings the expected damage threshold is even smaller in the range of 
3.5 J/cm² for 10k shots and 9.7 J/cm² for single shots at this sample (see Figure 23). Also 
the range between no damage and 100% damage probability is much smaller as at high 
reflective samples. 
   
Figure 23: Probability curve for AR355nm IBS, sample number #21, plotted is damage 
probability over fluence in J/cm² (10000 total pulses), red dots are the data points, the 
crossing point of fitting curve and x-axis gives the LIDT value. [42] 
 
At high reflective coatings smaller damages (micro pits, 3-5 µm) with long distance 
microscopy compared to scattered light measurement can be detected. On AR samples 
also micro pits appear but the single size of one pit is in the range of 1-2 µm which is 
therefore in the range of resolution limit of LDM. Another point, compared to HR samples 
is that there are much more micro pits within the beam diameter but due to the small size 
of single micro pit it is much harder to see a characteristical damage shape at AR 
samples. It is more like the light scattering at those pits which is detected at LDM. For 
higher fluences the micro pits create a much bigger damage as Figure 24d shows.  
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a) 2 J/cm² b) 3 J/cm² 
  
c) 4 J/cm² d) 13 J/cm² 
Figure 24: Nomarski and LDM images of AR IBS samples for single shot tests. 
 
4.3 S-on-1 tests 
 
This chapter shows results of tests similar to S-on-1 tests which are specified in 
ISO 21254 [5]. According to this standard the S-on-1 method is a multi-shot test on one 
position whereat the S characterizes the total number of pulses which hit the sample 
finally. Those experiments are realized with high reflective samples coated with IBS and 
EBE. Also the antireflective sample is investigated but only with IBS coating.  
 
4.3.1  Evaluation method for S-on-1 tests 
In this section a short introduction is given for better understanding of results and their 
illustration.  
The highest acquisition rate for Andor camera is 30Hz but the regeneration time of 0.8 ms 
for flash light reduces the final testing velocity to 1Hz. Therefore all tests in this section are 
realized with laser frequency of also 1Hz at which an image after each laser pulse can be 
recorded.  
The example in Figure 25 shows the damage formation on high reflective IBS coating for 
a fluence of 7 J/cm² and pulse number of 50. It can be seen that damage starts with first 
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pulse and grows rapidly until a pulse number of 35 is reached. For higher pulse numbers 
up to 50 pulses no further lateral growth can be seen because damage diameter 
converges to beam diameter. 
 
 
Figure 25: LDM images damage formation of IBS HR coating at 7 J/cm² and total pulse 
number of 50. 
 
After damage tests all images are background corrected using Andor camera software. 
Therefore a background image was acquired from the same sample position before laser 
irradiation. Background corrected images are saved into tif format. 
 
    
Figure 26: Single image from IBS HR test at 7 J/cm² and 50 pulses with region of 
interest (red square)(left), Nomarski image of laser induced damage (shifted by 90° due 
to investigating direction)(right). 
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Next step is realized with Wolfram Mathematica 10.0. This program cuts out a certain 
region of interest (ROI) as it is defined in Figure 26. Then the program adds up the gray 
scale values for all pixels inside the ROI. Finally each image got a specific value which is 
depending on damage dimensions.  
    
Figure 27: Characteristic of damage formation for HR IBS coating for 7 J/cm² and pulse 
numbers from 1 to 50 pulses, background corrected counts on ordinate. 
 
In Figure 27 the characteristic of damage formation for the upper example is displayed 
with pulse number at abscissa and the corrected count number at ordinate. The step at 
the beginning shows the origin of small damage. The rapid damage growth starts at 
pulse 8 and ends at a pulse number of 35. After 35 pulses such a large damage size is 
reached that the difference compared to damage size at 50 pulses is insignificant. This 
can be seen in a small change of slope. All in all Figure 27 shows the characteristic of 
damage formation and can be used for comparison.     
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4.3.2 Investigation of HR coatings  
The following tests are realized to show the functionality of test bench and to investigate 
the damage formation of different types of coatings. Therefore two high reflective coatings 
are investigated. 
First one is coated with ion beam sputtering which generates nearly homogeneous layers 
with a very low rate of failures inside the coating as discussed in chapter 2.5. Figure 28 
shows the comparison between four tests with different fluences for high reflective IBS 
coating. For the test at 6.2 J/cm² no damage and no change of the surface was 
observable (Figure 28 blue curve). For the tests at higher fluences small damages with 
dimensions of 3-10 µm occur at the first pulses and grow rapidly with each pulse until a 
pulse number of 30 is reached.  When damage diameter converges to beam diameter the 
lateral growth is reduced. From these tests the damage threshold for this sample can be 
estimated to be between 6.2 J/cm² and 6.5 J/cm² for 100 shots.  
 
Figure 28: Damage formation of HR IBS coating at different fluences from 1 to 100 
pulses, background corrected counts on ordinate. 
 
The second investigated coating is also a high reflective one but deposited with electron 
beam evaporation (EBE). As expected the damage threshold is lower (3.4 J/cm² to 
3.6 J/cm²) compared to IBS coating. But the damage formation has nearly same slope as 
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IBS coating. Within the first pulses small damages occur and grow rapidly until a pulse 
number of 30 is reached. After 30 pulses the lateral growth is reduced like in the IBS HR 
tests before. Probably the damage depth is increasing after 30 pulses and this could be 
reason for lower light scattering. Finally the image becomes darker and the curve in 
Figure 29 is decreasing after 30 pulses. 
 
Figure 29: Damage formation of HR EBE coating at different fluences from 1 to 100 
pulses, background corrected counts on ordinate. 
 
For better visualization the damage formation for HR IBS coating at 6.6 J/cm² is displayed 
in Figure 30. Most important steps of damage formation are shown and can be allocated 
with the pulse numbers (white) to black curve in Figure 33.  
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Figure 30: LDM images for damage formation of IBS HR coating at 6.6 J/cm² and total 
pulse number of 100. 
 
The damage formation for HR EBE coating at 3.8 J/cm² is displayed in Figure 31. The 
steps of LDM images are the same as at HR IBS example for comparison. The complete 
trend over 100 pulses can be seen in Figure 33 (red curve).     
 
 
Figure 31: LDM images damage formation of EBE HR coating at 3.8 J/cm² and total 
pulse number of 100. 
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Figure 32: Nomarski images from damages of compared coating types, IBS (left) and 
EBE (right). 
  
For both samples damage starts with first pulse. When the damaging process starts the 
rise at IBS seems to be steeper than the rise at EBE coating. For better statements at this 
phenomenon much more tests are needed. Therefore it is necessary to keep in mind that 
the laser induced damage threshold for both coating types are far apart from each other. 
All in all both have their own characteristical growth and can be distinguished from each 
other.  
 
Figure 33: Comparison of damage formations between HR IBS at 6.6 J/cm² and HR EBE 
at 3.8 J/cm² from 1 to 100 pulses, background corrected counts on ordinate. 
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4.3.3 Comparable investigation of AR and HR coatings 
This chapter compares antireflective and high reflective coatings which are both coated 
with IBS. The laser induced threshold for AR IBS is lower than 1.9 J/cm². At Figure 34 
three tests for AR IBS coatings are displayed. For tested fluences micro pits are created 
with first pulse. For higher fluences (3.3 J/cm² and 4 J/cm²) the corresponding LDM 
images have a higher count rate wherefore two possible reasons exist. On the one hand 
the region where micro pits occur could be bigger. On the other hand the micro pits could 
be bigger in detail. These effects declare the higher count rates. After 20 pulses no further 
growth is detected during the residual 100 pulses for all tests.   
 
Figure 34: Damage formation of AR IBS coating at different fluences from 1 to 100 
pulses, background corrected counts on ordinate. 
 
For comparison the results for HR IBS coating, discussed in chapter 4.3.2 are used. In 
this section the example at 6.5 J/cm² is compared to AR IBS coating. The HR coating 
behaves as described in the upper chapter. Small damage occurs with first pulses and 
grows until size of beam diameter is reached.    
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Figure 35: LDM images for damage formation of IBS HR coating at 6.5 J/cm² and total 
pulse number of 100. 
 
Figure 36 shows selected steps in damage formation of AR IBS coating. It can be seen 
that a bright area is created with first pulse. Further investigations with Nomarski 
microscope showed that micro pits were formed (see Figure 37 left). These small 
damages scatter the light from flash lamp which generates this appearance. In addition no 
growing process can be detected in contrast to HR coatings. However the micro pits grow 
with each single pulse until pulse number 10 is reached. Then they remain constant for 
residual test.    
 
     
   
Figure 36: LDM images for damage formation of IBS AR coating at 3.3 J/cm² and total 
pulse number of 100. 
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Figure 37: Nomarski images from damages of compared IBS coatings, AR wit 3.3 J/cm² 
(left) and HR 6.5 J/cm² (right) after 100 shots. 
 
Figure 37 shows Nomarski images of damages on AR coating (left) and HR coating (right) 
but with different fluences. Damage at HR sample is much bigger and at AR micro pits 
can be seen which already start to grow together.  
 
Figure 38: Comparison of damage formations between HR IBS at 6.5 J/cm² and AR IBS 
at 3.3 J/cm² from 1 to 100 pulses, background corrected counts on ordinate. 
 
Comparing the curves in Figure 38 the statement can be done that AR coating reaches a 
constant level at which no further damages occur within the 100 pulses. At HR coating the 
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damage diameter is growing until 100 pulses hit the sample. At AR sample damages 
occur earlier and fewer pulses are needed before the saturated part is achieved. Whereas 
HR coatings show a damaging process over 100 pulses. But it should be noted, that the 
comparability is limited because the applied fluences were different. 
The main result of this experiment is that it could be worth to spend more time on the 
investigation of these micro pits. It is quite interesting to answer questions about the 
characteristics and the damage formation of micro pits at AR IBS coatings. 
 
4.4 Investigation of micro pits 
 
Micro pits are defined as small damages with sizes in the micron range. One major task of 
this thesis is the investigation of dynamics of damage formation of micro pits at 
antireflective IBS coatings. But before corresponding tests can be realized, the nature of 
micro pits has to be understood. 
Therefore the characteristics of micro pits are discussed in the following. The following 
tests are no more comparable to prior results because illumination for image acquisition is 
changed which is described in chapter 5.    
 
    
Figure 39: Characteristic shape of micro pits at AR IBS coating after 10000 pulses with 
100Hz repetition rate, LDM image (left) and Nomarski image (right) for comparison. 
 
Micro pits appear at AR IBS layers on the front surface. This can be concluded from the 
topographies measured with WLIM and AFM. These profiles show that the micro pits are 
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growing from the top side into the layer. The Nomarski image in Figure 39 shows a typical 
laser induced damage with micro pits.  
A lot of different sized pits have formed in the region of laser footprint. The complete 
shape of all micro pits can be seen quite well in online investigation with long distance 
microscope. But the resolution of exsitu microscopy cannot be reached.  
 
 
Figure 40: 2-dimensional image of micro pits at AR IBS coating measured with white 
light interferometer Veeco (NT9080), with marked profiles in x- and y-direction. 
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Figure 41: X- and y-profile of 2-dimensional image of micro pits at AR IBS coating 
measured with WLIM Veeco (NT9080). 
 
For further investigation it is important to get information about the dimensions of single 
micro pits. Therefore white light interferometry is used. The micro pits measured with 
WLIM are displayed in Figure 40. It shows another position on sample but same coating 
type.     
The diameter of a single micro pit varies between 1 and 4 µm and the depth is in the 
range of 50-400 nm. 
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Figure 42: 2-dimensional image from atomic force microscope of micro pits at AR IBS 
coating, line marks position which is used for topography. 
 
In a further investigation of micro pits with atomic force microscopy at another sample 
position even smaller depth of micro pits can be measured (see Figure 43). The main 
advantage of AFM as already described is the higher resolution compared to WLIM. 
Figure 42 shows a 2-dimensional image from AFM of micro pits which shows the 
dimensions of the micro pits.  
 
 
Figure 43: Topography of image from atomic force microscope of micro pits at AR IBS 
coating. 
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After this introducing remarks further tests are described for detailed investigation of micro 
pit formation. Therefore an IBS AR sample is irradiated with a fluence of 5.5 J/cm² and 
100Hz repetition rate. The total number of pulses per position was 10000. The image 
acquisition is realized with 10Hz which results in 1000 images. Figure 44 shows the 
accumulated gray scale intensity in a defined region of interest in dependence on pulse 
number.  
 
Figure 44: Characteristical damage formation for AR IBS coating for 100Hz, 5.5 J/cm² 
and 10000 pulses, background corrected counts on ordinate. 
 
The graph shows several steps at pulse numbers of 190, 1900 and 2700. Compared to 
Figure 45 at pulse 190 and 1900 few micro pits occur which can be resolved hardly. But at 
pulse 2700 bigger micro pits occur which can be seen at the high step in the graph. These 
steps at single pulses can be explained by the stronger energy absorption at micro 
absorbers (inhomogeneity, impurities, etc.) in the layer compared to homogeneous layer 
sections. [6] The slow increase can be explained by micro pits growing together which is 
the case when absorption at created micro pits increases over a specific limit.   
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Figure 45: LDM images of damage formation of AR IBS coating; 5.5 J/cm², 100Hz. 
 
Figure 46 shows comparison of LDM and Nomarski images of upper example after 
10000 pulses. 
 
  
Figure 46: Damage after 10000 pulses of LDM (left) and Nomarski microscope (right) at 
AR IBS coating (100Hz 5.5 J/cm²).  
 
The final statement is that micro pits occur with single pulses. When a specific limit is 
reached, this micro pits start to grow together to a bigger damage. 
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4.5 Dependency of laser repetition rate on LIDT 
 
On the basis of absorption a faster repetition rate should induce damages at fewer pulses 
because irradiated material has less time to regenerate or to transfer the heat produced 
by laser beam. Therefore in this chapter the dependency of laser repetition rate on LIDT 
for IBS AR coating is investigated. 
As repetition rates 20Hz and 100Hz are chosen. Based on the fact that illumination is 
optimized the maximum acquiring frequency of 30 Hz of the camera is limiting the 
investigation rate. First tests should acquire images after each pulse. This is why 20Hz is 
chosen for the lower limit. As upper limit the highest adjustable laser rate of 100Hz is 
used. Each test consists of a total pulse number of 10000 pulses. Due to the fact that the 
camera software only can handle with data sets of maximum 1000 images, the acquisition 
rate is set to 10Hz. This results in a temporal resolution of 10 pulses between two 
successive images.  
  
Figure 47: Damage formation at IBS AR coating for 20Hz laser rate, 10000 pulses and 
different fluences, background corrected counts on ordinate. 
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Figure 48: Comparison between LDM (left) and Nomarski images (right) at different 
fluences for 20Hz tests: a) 4.7 J/cm² b) 5.4 J/cm² c) 6.2 J/cm². 
 
Figure 47 shows the damage formation at IBS AR coating for a laser repetition rate of 
20Hz. For fluence of 4.7 J/cm² only micro pits occur which can be identified with 
characteristical steps. For 5.4 J/cm² two fast steps in the beginning can be seen and after 
6000 pulses a slope distinguish the merging of micro pits. At 6.2 J/cm² also micro pits in 
the beginning can be detected followed by fast slope. The two steps after the rise are 
micro pits beside the main damage at the edge of the laser footprint. This example shows 
that the moment at which micro pits grow together happen with fewer pulses for higher 
fluences. For much lower fluences only micro pits occur which do not grow together within 
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10k shots. For better visualization the corresponding LDM and Nomarski images are 
displayed in Figure 48.     
Corresponding test is realized for a laser repetition rate of 100Hz. In Figure 49 the results 
are shown. For 4 J/cm² few micro pits can be detected which occur in the beginning and 
do not grow within 10000 shots. This can be explained by the fact that a specific 
absorption limit is not reached so far. At a fluence of 4.8 J/cm² micro pits are formed in 
several steps but they do not grow together until 7000 pulses are reached. When the 
merging starts the damage grows much faster with increasing fluence. At 6.9 J/cm² a 
catastrophic damage is created. This test was stopped at a pulse number of around 2500. 
At 5.9 J/cm² micro pits are formed earlier than micro pits at 6.9 J/cm². This could be 
explained by the fact that creation of micro pits is not only dependent on laser parameters 
but also dependent on local material properties.  
 
Figure 49: Damage formation at IBS AR coating for 100Hz laser rate; 10000 pulses, 
different fluences, flash symbolizes a catastrophic damage, background corrected 
counts on ordinate.  
 
From these tests with different repetition rates it can be seen that final damage size and 
starting point of micro pit merging is dependent on fluence. Another point is that the 
process of merging happens much faster at 100Hz than at 20Hz.  
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Figure 50 shows LDM and Nomarski images for 100Hz tests.  
   
   
   
  
Figure 50: Comparison between LDM images (left) and Nomarski images (right) at 
different fluences for 100HZ tests: a) 4 J/cm² b) 4.8 J/cm² c) 5.9 J/cm² d) 6.9 J/cm². 
a 
c 
b 
d 
No Nomarski image available  
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Further tests with 20Hz and 100Hz are realized with identical fluences. First comparison is 
done with a fluence of 4.7 J/cm² and can be seen in Figure 51. The tests at 20Hz just 
create micro pits whereas at 100Hz micro pits grow together. The moment of micro pit 
creation looks quite random.  
 
Figure 51: Comparison of damage formation for different laser repetition rates (20Hz 
and 100Hz) at 4.7 J/cm² and 10000 pulses, background corrected counts on ordinate. 
 
The corresponding LDM images are displayed in Figure 52 - Figure 55. The figures show 
the images at positions of 2000, 4000, 6000 and 10000 pulses. This clarifies that at 20Hz 
only micro pits occur whereas at 100Hz the created micro pits grow together after specific 
number of pulses. 
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Figure 52: Damage formation AR IBS at 4.7 J/cm², 100Hz, No.1 
 
Figure 53: Damage formation AR IBS at 4.8 J/cm², 100Hz, No.2 
 
Figure 54: Damage formation AR IBS at 4.7 J/cm², 20Hz, No.3 
    
Figure 55: Damage formation AR IBS at 4.7 J/cm², 20Hz, No.4 
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Figure 56 shows results of corresponding test with a fluence of 5.4 J/cm². It can be seen 
that higher repetition rate of 100Hz generates damages and micro pits merging happens 
much earlier. At 20Hz one test show only micro pits whereat the second test show micro 
pit merging. The slope starts after 6000 pulses and is hence later than the starting point of 
micro pit merging at 100Hz.   
 
Figure 56: Comparison of damage formation for different laser repetition rates (20Hz 
and 100Hz) at 5.4 J/cm² and 10000 pulses, background corrected counts on ordinate. 
 
As in the upper comparison also formation for this example is displayed in 
Figure 57-Figure 60. With the help of these LDM images the specific pulse numbers can 
be allocated to an image for better visualization.  
To sum up, the repetition rate has an effect on damage formation when micro pits 
occurred. At 100Hz micro pits merge faster than micro pits at 20Hz. Another point is that a 
test within a repetition rate shows the dependency on fluence quite good.   
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Figure 57: Damage formation AR IBS at 5.4 J/cm², 100Hz, No.1 
 
Figure 58: Damage formation AR IBS at 5.4 J/cm², 100Hz, No.2 
    
Figure 59: Damage formation AR IBS at 5.4 J/cm², 20Hz, No.3 
    
Figure 60: Damage formation AR IBS at 5.4 J/cm², 20Hz, No.4 
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5 Optimization of test bench 
 
The experiments in chapter 4.2 and 4.3 are realized with the flash lamp Wallimex which is 
described in chapter 3.5.1. In the course of this work several disadvantages of flash lamp 
requires an optimization. The flash lamp and camera are triggered by laser output signal. 
These costs at least 14 ms at which the camera acquires but illumination do not work. To 
prevent this, a system is needed without trigger process. Next reason for optimization is 
the homogenous illumination of sample and the creation of high-contrast images.   
Therefore a new type of illumination should be evaluated and integrated. First tests are 
realized with available light sources which are displayed with their parameters in Table 6. 
 
Table 6: List of investigated light sources for optimization 
 Osram Halogen 
Lamp Halopar 30 
Wallimex Flash Lamp 
Pro VE-200 
Pearl LED Lamp 
Type of lamps cw (670 lm) Flashes (up to 200 Ws) cw 
Power 75 W 150 W 10 W 
Color temperature 2900 K 5600 K - 
 
For comparison a small damage on AR coating with a size in the range of nearly 100 µm 
is created and an image is acquired with each type of illumination source. The results are 
displayed in Figure 61. Flash lamp and Halogen lamp are positioned at the port of vacuum 
chamber and illuminate sample inclined whereas the LED lamp is coupled at a second 
eye piece of LDM. The light is coupled over beam splitter and illuminates the sample 
without an angle.    
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Figure 61: Damage on AR coating illuminated with different types of light sources, 
Halogen lamp (upper left), Flash light (upper right), LED lamp (lower left), red line 
marks the column A which is evaluated. 
 
Just by consideration of upper figures it can be seen that images illuminated by Halogen 
lamp are too bright and images illuminated by flash lamp are in this case darker. This 
could be corrected with higher light exposure of the flash lamp. But this results in longer 
exposure time of camera which is unwanted. The homogeneity is best with the flash lamp 
but the contrast is rather low. The homogeneity with halogen lamp is extremely bad but 
contrast is even higher. The best compromise is given with the LED lamp. The contrast is 
pretty good and the homogeneity is in an acceptable range (see Figure 62). 
 
Column A Column A 
Column A 
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Figure 62: Normalized distribution of column A. 
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6 Summary 
 
The setup of test bench is completed and successfully tested. It was shown that long 
distance microscopy is a powerful method for online investigation of damage formation 
and superior to conventional scattered light method. Small single damages with 
dimensions down to 3 µm can be resolved and for low repetition rates (1-20Hz), the 
damage formation can be visualized after each pulse. 
Comparative tests with high reflective coatings confirmed that LIDT for IBS coatings is 
considerably higher than for EBE coated samples. It as shown, that the different coating 
types have different damage formation characteristics. Another important fact is that 
damage formation of both coatings has a point at a certain pulse number at which the 
slope is changed. This can be explained by the fact that damages do not grow further 
when they reached dimensions of beam diameter. The comparison between antireflective 
and high reflective IBS coatings shows that formation of damage at AR samples always 
starts with occurrence of micro pits. The completely different characteristic makes the 
comparison between HR and AR samples possible. 
In a further step the characteristics of micro pits are investigated. Therefore created micro 
pits are investigated with LDM, Nomarski, WLIM and AFM. LDM and Nomarski show that 
micro pits can be resolved pretty well with LDM after optimization of illumination. The 
Nomarski microscope also shows that micro pit dimension is in a range lower than 10 µm. 
Furthermore micro pits appear not as single micro pits but many micro pits within the laser 
spot. WLIM and AFM confirm that micro pits are holes in the coatings. The dimensions 
which are measured are in the range of 1-4 µm for diameter of a single micro pit with 
depths in the range of 50-400 nm. This means that micro pits occur not only in the first 
layer but also in next coating layers. The damage formation for those coatings can be 
displayed over intensity distribution of each image which is measured in counts. This 
means that the values of each pixel in a region of interest are added up and allocate a 
value to each single image. The curve which is calculated out of these values 
characterizes the damage formation. This curve show steps when micro pits occur and a 
slope when these micro pits grow together. Due to the fact that micro pits occur with a 
single pulse there is the assumption that micro absorber in the coating layers are heated 
by laser beam until they reach a specific limit and create micro pits. By increasing fluence 
6 Summary Master Thesis Manuel Mucha 
 
65 
 
those micro pits start to grow together when a threshold is reached. Some tests also show 
that micro pits do not grow together within 10k shots when this limit is not reached.    
Last experiment investigates the influence of laser repetition rate on the LIDT. Therefore 
tests with 20Hz and 100Hz are realized. For a single laser rate several fluences are 
investigated and compared to each other. For both rates the trend can be seen that with 
higher fluences the merging starts earlier and final damage become larger. Also the slope 
when micro pits grow together becomes steeper by increasing fluences. Comparing both 
laser rates at same fluences it can be shown that micro pits with 100Hz grow faster than 
micro pits at 20Hz.  
 All in all the LDM is a good method for the online investigation of micro pits during laser 
induced damaging tests. Also the calculated curves from the acquired images can be 
used for characterizing the process of damage formation.   
Some of the test results described above suffers from poor pulse to pulse stability of the 
laser system. Further tests should be performed with an improved system. 
Most erroneous component of system is the laser itself. Not only pulse to pulse stability is 
higher than expected but also the spatial profile is changed by change the laser repetition 
rate. By changing a parameter like laser spot position on sample by beam guiding mirror 
all other components like LDM position, LDM focus and energy measurement need to 
adjust as well. This is quite time-consuming and demand setup on optimization.  
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7 Outlook 
 
The setup need to be optimized. The illumination with LED can be developed and pulsed 
LED systems can be tested to improve the image quality. Furthermore the temporal 
resolution of 10 pulses with laser rates of 20Hz and 100Hz can be improved to get an 
image after each pulse also for these repetition rates. 
For chapter 4.5 also 1Hz tests for total pulse numbers of 10000 were planned but due to 
problems in setup this is not realized so far. Based on results of already performed tests it 
is assumed that at samples, irradiated with 1Hz, micro pits merge even slower and later 
than micro pits at 20Hz and 100Hz. 
Furthermore with existing setup the damage formation of different antireflective coatings 
can be investigated. It could be interesting if the formation of micro pits depends on layer 
material.  
A next investigation could deal with the idea how exactly micro pits occur. This work 
shows only that micro pits occur with a single pulse and assume that micro absorber could 
be the reason for micro pit locations within the beam spot. Therefore the characteristic of 
layers have to be investigated before tests. This results can be compared to micro pit 
locations after tests.  
Two completely different improvements deal with other online investigation methods. First 
a multi-channel plate (MCP) can be used to measure the ablated ions from layer’s surface 
inside the vacuum chamber when micro pits or damages are created. Such MCP’s for the 
use in a vacuum chamber are already available. With this method micro pits could be 
detected but images cannot be acquired with this method. Second idea deals with 
interferometry to detect the size and also the depth of micro pits and damages online.       
Acquired LDM images are evaluated after tests. Next step could be the automation of 
online detection of micro pits. This means that the system evaluates micro pits during the 
test and give as output a background corrected image sequence and values for pulse 
numbers and fluences at which micro pits occur or grow together.  
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 Appendix 
 
List of performed tests 
 
Table 7: List of performed tests 
Test # Internal 
sample 
# 
Coating type Coating 
process 
Fluence 
[J/cm²] 
Laser 
repetition 
rate [Hz] 
Total 
number 
of 
pulses 
Purpose, 
Annotation 
1 1274 HR 355nm/45° IBS 8.0 1 1 Single shot 
tests 
2 1274 HR 355nm/45° IBS 9.0 1 1 Single shot 
tests 
3 1274 HR 355nm/45° IBS 11.0 1 1 Single shot 
tests 
4 1274 HR 355nm/45° IBS 12.0 1 1 Single shot 
tests 
5 1274 HR 355nm/45° IBS 12.0 1 1 Single shot 
tests 
6 1275 AR 355nm/0° IBS 2.0 1 1 Single shot 
tests 
7 1275 AR 355nm/0° IBS 3.0 1 1 Single shot 
tests 
8 1275 AR 355nm/0° IBS 4.0 1 1 Single shot 
tests 
9 1275 AR 355nm/0° IBS 13.0 1 1 Single shot 
tests 
10 1274 HR 355nm/45° IBS 7.0 1 50 Example for 
damage 
formation 
characteristic 
11 1274 HR 355nm/45° IBS 6.2 1 100 Multi shot 
tests 
12 1274 HR 355nm/45° IBS 6.5 1 100 Multi shot 
tests 
13 1274 HR 355nm/45° IBS 6.6 1 100 Multi shot 
tests 
14 1274 HR 355nm/45° IBS 7.1 1 100 Multi shot 
tests 
15 1205 HR 355nm/45° EBE 3.4 1 100 Multi shot 
tests 
16 1205 HR 355nm/45° EBE 3.6 1 100 Multi shot 
tests 
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17 1205 HR 355nm/45° EBE 3.6 1 100 Multi shot 
tests 
18 1205 HR 355nm/45° EBE 3.8 1 100 Multi shot 
tests 
19 1205 HR 355nm/45° EBE 3.8 1 100 Multi shot 
tests 
20 1275 AR 355nm/0° IBS 1.9 1 100 Multi shot 
tests 
21 1275 AR 355nm/0° IBS 3.3 1 100 Multi shot 
tests 
22 1275 AR 355nm/0° IBS 4.0 1 100 Multi shot 
tests 
23 1276 AR 355nm/0° IBS - 100 - Investigation 
of micro pits 
24 1280 AR 355nm/0° IBS 5.5 100 10000 Investigation 
of laser 
repetition rate 
25 1280 AR 355nm/0° IBS 4.7 20 10000 Investigation 
of laser 
repetition rate 
26 1280 AR 355nm/0° IBS 5.4 20 10000 Investigation 
of laser 
repetition rate 
27 1280 AR 355nm/0° IBS 6.2 20 10000 Investigation 
of laser 
repetition rate 
28 1280 AR 355nm/0° IBS 4.0 100 10000 Investigation 
of laser 
repetition rate 
29 1280 AR 355nm/0° IBS 4.8 100 10000 Investigation 
of laser 
repetition rate 
30 1280 AR 355nm/0° IBS 5.9 100 10000 Investigation 
of laser 
repetition rate 
31 1280 AR 355nm/0° IBS 6.9 100 10000 Investigation 
of laser 
repetition rate 
32 1280 AR 355nm/0° IBS 4.7 20 10000 Investigation 
of laser 
repetition rate 
33 1280 AR 355nm/0° IBS 4.7 100 10000 Investigation 
of laser 
repetition rate 
34 1280 AR 355nm/0° IBS 5.4 20 10000 Investigation 
of laser 
repetition rate 
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35 1280 AR 355nm/0° IBS 5.4 100 10000 Investigation 
of laser 
repetition rate 
36 1280 AR 355nm/0° IBS 5.4 100 10000 Investigation 
of laser 
repetition rate 
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Energy Calibration  
 
Before LIDT tests starts, a calibration is needed. Therefore a powermeter in sample 
position and an energy detector behind a wedge is set up. The energy detector is then 
calibrated with the help of power meter.  
This calibration is realized before each test. The calibration of 20Hz and 100Hz are in 
same range but 1Hz calibration differs a lot. This can be explained with the fact that 
between these two measurements the setup is optimized and the beam which hits the 
energy detector at 20Hz and 100Hz tests is split after wedge again with a beamsplitter. 
 
Figure 63: Energy calibration for 1Hz tests 
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Figure 64: Energy calibration for 20Hz tests 
 
 
Figure 65: Energy calibration for 100Hz tests 
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Programming code of Andor software to extract image sequence 
into single images 
 
//Program to extract sif image sequence into single background corrected images with 
tif format 
 
Max = 50  //Total number of images 
 
 
Root$ = 
"G:\AOS\5_Mitarbeiter\Mucha\Masterthesis\01_Versuchsdaten\01_Bilder\04_Versuch_
IBS_Damage_Entstehung_1274\35_8\35_LDM_MM_Mon_Jun_8_2015_8" 
 //data path 
 
 
load(#2001, 
"G:\AOS\5_Mitarbeiter\Mucha\Masterthesis\01_Versuchsdaten\01_Bilder\13_Versuch_
150722_IBS_AR_reprate_1279\Daten_100Hz\26\150722_1279_background_27.sif")
 //load background image into window 2001 
 
 
load(#2000,Root$;".sif")  //load sif file into a new window 
 
minimizewindow(#2000) 
 
 
for i = 1 to Max step 1  //for loop  
 
 
 #i = #2000{i} [1<<658,1<<496]  //extract each image of sequence  
  
 #j= #i-#2001   //subtract background image from single image 
  
 ExportTiff(#j,Root$;"_";str$(i);".tif",1,1) //save corrected image as tif image 
  
 closeWindow(#i)  
  
next 
 
closewindow (#j) 
 
closewindow(#2000) 
 
closewindow(#2001) 
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Programming Code of Mathematica 10.0 
 
(*Mathematica Code for background correction if it is not already done by Andor software. 
Then counting total counts in defined ROI and display them as function of pulse number*)  
a=Import["G:\\AOS\\5_Mitarbeiter\\Mucha\\Masterthesis\\01_Versuchsdaten\
\01_Bilder\\14\\44\\150727_1279_44_900.tif","RawData"]; 
 
top=100; 
bottom=300; 
left=300; 
right=500; 
roi=a[[top;;bottom, left;;right]]; 
 
MatrixPlot@a 
MatrixPlot[roi, ColorFunction->GrayLevel] 
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totalcounts={}; 
 
Do[ 
img=Import["G:\\AOS\\5_Mitarbeiter\\Mucha\\Masterthesis\\01_Versuchsdate
n\\01_Bilder\\14\\44\\150727_1279_44_"<>ToString[i]<>".tif","RawData"]; 
 
background=Import["G:\\AOS\\5_Mitarbeiter\\Mucha\\Masterthesis\\01_Vers
uchsdaten\\01_Bilder\\14\\44\\150727_1279_background_44_1.tif","RawDat
a"]; 
 
  roiimg=img[[top;;bottom,left;;right]]; 
 
  roiback=background[[top;;bottom,left;;right]]; 
  roiimgcorr=Abs[roiimg-roiback]; 
 
  countnmb=Total[roiimgcorr,2]; 
 
  AppendTo[totalcounts,countnmb]; 
 
  ,{i,1,1000,1}]; 
 
Length@totalcounts 
graphiclistplot=ListLinePlot[MovingAverage[(totalcounts⁄(Max@totalcounts)),1
0],FrameLabel→{"Tot.Counts","Pulse Number"},PlotLabel→"150727_1279_44" 
 
 
Export["G:\\AOS\\5_Mitarbeiter\\Mucha\\Masterthesis\\03_auswertung\\Math
ematica\\150727_1279_44.tif",graphiclistplot,ImageResolution->140]; 
 
Export["G:\\AOS\\5_Mitarbeiter\\Mucha\\Masterthesis\\03_auswertung\\Math
ematica\\150727_1279_44.csv",totalcounts]; 
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Overview of vacuum ranges 
 
Figure 66: Overview of vacuum ranges [43] 
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